Electrochemical reactions at solid|gas interfaces of mixed ionic electronic conductors (MIEC), such as oxygen reduction or evolution, differ substantially from usual electrochemical reactions in aqueous solutions. Overpotentials do not directly translate to electrostatic surface potentials but act mainly by changing the concentration of point defects in the MIEC. This has severe consequences for the mechanistic interpretation of current voltage curves of MIEC electrodes. In this contribution it is shown how overpotential dependent defect concentrations affect the current-voltage curves of oxygen reduction and oxygen evolution at MIEC surfaces. Exemplarily, quantitative current-voltage curves are deduced from the known defect chemical data set (Brouwer diagram) of La 0.6 Sr 0.4 FeO 3−δ (LSF). Various curve shapes result, from Tafel-like exponential relations to essentially voltage independent limiting currents. Tafel slopes have a very different meaning compared to charge transfer limited reactions at metal electrode interfaces. It is shown how mechanistic information can be obtained from the difference of anodic and cathodic Tafel slopes or by comparing exchange current densities and ac resistances. Moreover, partial pressure dependences of anodic and cathodic currents are deduced, showing that exponents of power laws often do not indicate whether atomic or molecular oxygen species are involved in the rate limiting step.
Electrochemical reactions at mixed ionic electronic conductor (MIEC)|gas interfaces are highly important for energy conversion and storage. Arguably the most prominent reaction is the oxygen reduction
occurring at solid oxide fuel cell (SOFC) cathodes or, in reverse direction, at solid oxide electrolysis cell (SOEC) anodes. [1] [2] [3] [4] [5] [6] [7] [8] Other important electrochemical solid|gas reactions are water splitting or CO 2 electrolysis. [9] [10] [11] The kinetics of the oxygen exchange reactions have been studied intensely on perovskite materials such as (La, Sr)MnO 3−δ (LSM), [12] [13] [14] [15] (La, Sr)(Co, Fe)O 3−δ (LSCF), 11, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] (La, Sr)(Ti, Fe)O 3−δ (LSTF) [31] [32] [33] and (Ba, Sr)(Co, Fe)O 3−δ (BSCF). [34] [35] [36] Studies aiming at mechanistic information often investigate the exchange current density by means of tracer exchange, 37, 38 conductivity relaxation 27 or impedance spectroscopy. 14, 25, [39] [40] [41] While the determination of oxygen exchange rates via such close-toequilibrium methods is well established and frequently employed, it is nevertheless often challenging to extract mechanistic details from such experiments, also because experimental data often include effects of both cathodic and anodic reactions. 40, 42, 43 In contrast, experiments far from equilibrium, i.e. at sufficiently high electrode polarization, enhance the reaction rate in one direction while suppressing the reaction in reverse direction, and thus may offer a better view, for example on the dependencies of reaction rates on concentrations. Nevertheless, measurements and mechanistic interpretations of oxygen reduction/evolution current-voltage curves are rather scarce, 11, 44, 45 and the concepts for a theoretical description of such current-voltage curves are still under development. [46] [47] [48] Several differences exist between such solid|gas reactions and usual aqueous electrochemical reactions at metal electrodes, and the currentvoltage characteristics of the solid|gas reactions often cannot be described by standard electrochemical models such as Butler-Volmer's equation. 47 First, in liquid electrochemistry an applied overpotential often translates directly into an electrostatic potential step at the reaction site, i.e. the electrolyte|electrode interface. For electrochemical reactions at MIEC|gas interfaces, however, an applied overpotential acts mainly upon the oxygen chemical potential in the MIEC electrode, and thereby on the MIEC defect concentrations. 37, 43, 49 The overpotential might also affect the potential step at the MIEC|gas interface, * Electrochemical Society Student Member. z E-mail: alex.schmid91@gmail.com but mostly in a rather indirect and complex manner. 47 Second, the oxygen partial pressure not only determines the concentration of oxygen species adsorbed at the MIEC|gas interface. Rather, the gas phase also affects the oxygen chemical potential in the MIEC electrode and thereby the concentration of defects involved in the reactions. Furthermore, in atmospheres consisting mostly of oxygen and nitrogen it is plausible that charged oxygen adsorbates are the main contributors to a possible electrostatic potential step at the MIEC|gas interface. Therefore, the oxygen partial pressure can also affect the surface potential. 47 These considerations clearly show that the interpretation of currentvoltage curves and their partial pressure dependencies requires novel concepts beyond standard models known from metal|liquid interfaces. Knowing the defect chemistry of the MIEC electrode and the interrelationship between defect concentrations, oxygen partial pressure and electrode polarization is vital for understanding the kinetics of such reactions. A quantitative approach to tackle such situations has been introduced recently, 48 and it was shown how the true, i.e. mechanistically meaningful, reaction orders of defects and gas species can be determined from combined voltage and partial pressure variations.
In this contribution, we extend these considerations by modeling current-voltage curves for the known defect chemical data set of a specific material (La 0.6 Sr 0.4 FeO 3−δ ) and different possible reaction mechanisms. Various slopes of current-voltage curves can result, depending on the reaction mechanism and partial pressure. However, neither do limiting currents indicate any diffusion limitation, nor do exponential relations reflect charge transfer limitations. The true meanings of Tafel slopes and partial pressure dependent current densities are discussed for specific mechanisms and in general. This opens new ways to draw mechanistic conclusions from empirically measured current-voltage curves and partial pressure dependences.
Rate Equation Model for Defect Controlled Reactions
In this section we derive an equation that describes the effect of the main experimental parameters (overpotential and oxygen partial pressure) on the current density resulting from oxygen reduction or evolution on a MIEC surface. These considerations are largely based on the rate equation model suggested in Ref. 50 and Ref. 48 . It describes the oxygen incorporation and evolution rates in terms of local defect concentrations, surface adsorbates and surface potentials. According to this rate equation model the current densities of anodic oxygen evolution ( j a ) and cathodic oxygen incorporation ( j c ) can be [3] where the net current density j is the difference between anodic and cathodic current density: j = j a − j c . Symbols j 0 * a and j 0 * c are constant prefactors including equilibrium constants of equilibria before and after the rate limiting step, p O 2 is the oxygen partial pressure and ν p,a and ν p,c are the corresponding reaction orders for the anodic and cathodic reactions. These partial pressure related factors describe the effect of p O 2 on the surface adsorbates involved in the rate liming step but do not include the p O 2 dependence of electronic or ionic defect concentrations.
Defects are treated separately and symbols c D,a and c D,c are the concentrations of the defect species in the MIEC being relevant in anodic or cathodic direction, with their corresponding reaction orders ν D,a and ν D,c . If multiple defects are relevant, c D ν D has to be expanded to a product such as c D 1 ν D 1 c D 2 ν D 2 . These relevant defects are either reaction partners in the rate determining step, or they are involved in preceding or succeeding equilibria. β a and β c are factors depending on the reaction mechanism, χ 0 and χ are the equilibrium surface potential and its variation upon current flow and e, k and T have their usual meaning of elementary charge, Boltzmann constant and temperature. Please note, the anodic and cathodic current densities in Equation 2 and 3 represent the ionic current flowing in the MIEC from the surface toward the MIEC|electrolyte interface. However, it does not reflect the charge transferred across the MIEC surface itself since this depends on the specific mechanism. In principle, it is even possible to incorporate neutral oxygen and ionize the atoms within the MIEC; then there is no charge flow across the MIEC surface itself.
In equilibrium, i.e. at zero overpotential, the anodic and cathodic current densities are equal, thus
where c eq D,a and c eq D,c are the equilibrium concentrations of the relevant defects and j 0 is the exchange current density. This exchange current density is thus determined by the oxygen partial pressure, the equilibrium defect concentrations and the equilibrium surface potential χ 0 . For a given temperature, the equilibrium defect concentrations are defined by p O 2 and the defect chemical equilibrium constant(s) of the MIEC. The equilibrium surface potential χ 0 may also depend on p O 2 . 41, 47 Thus, for a given material, all variable factors can be traced back to the gas phase and the exchange current density j 0 depends on p O 2 solely. Combining Equations 2 and 3 with Equations 4 and 5 leads to
and the net current density is then
The relation between surface potential, oxygen partial pressure and overpotential can be very complex and may also vary with overpotential and p O 2 . 47 Accordingly, χ is generally unknown which makes general predictions of current-voltage curves difficult. However, XPS studies on La 0.6 Sr 0.4 FeO 3−δ suggest that the surface potential does not change much with overpotential or p O 2 . 23 In the following we therefore assume such a simplified situation with a constant χ = χ 0 and thus χ = 0 for all overpotentials and partial pressures. For such "defect controlled reactions", Equation 8 can be simplified to
and for the exchange current densities (Equations 4 and 5) we get
where the prefactors j 0 a and j 0 c include j 0 * a and j 0 * c but also include the p O 2 independent equilibrium surface potential factors exp βe χ 0
kT . An applied overpotential causes a net current density ( j = 0) by driving the defect concentrations in the MIEC electrode away from their equilibrium values, i.e. by changing the ratio c D /c eq D . (Please note: If several defects are involved in anodic or cathodic direction these ratios have to be replaced by products with ratios for each relevant ionic or electronic defect.) The current-voltage characteristics is therefore a direct consequence of the relation between defect concentrations and electrode overpotential. This relation can be quantified in the following manner: If the ion and electron transport in the electrode is much faster than the surface exchange reaction, the electrode overpotential η directly translates to a change in (molecular) oxygen chemical potential μ O 2 in the MIEC according to the Nernstian relation 37, 49 
. [12] Under polarization, the defects are thus no longer in equilibrium with the gas phase (p O 2 ), but are defined by the oxygen chemical potential in the electrode film according to Equation 12 . Accordingly, the change in oxygen chemical potential by 4eη causes a change in defect concentrations and thus a current according to Equation 9 . The (equilibrium) defect chemistry of MIEC oxides is often described by Brouwer diagrams, which relate the defect concentrations to the oxygen partial pressure. 51 
For equilibrium situations (η = 0) the latter is equivalent to the power law relation
between defect concentrations for two oxygen partial pressures p O 2 and p O 2 . Exponent n describes the slope in the Brouwer diagram, e.g. 0.25 for electron holes as minority charge carriers in an acceptor doped MIEC or −0.5 for oxygen vacancies as minority defects. Upon a current and for c D = c eq D we can combine Equations 12 and 13 and the resulting relation between defect concentration and the overpotential η is
kT .
[15]
Combining Equations 9 and 15 finally yields
F833 Again, involvement of several defect species in anodic or cathodic direction would mean that n D,a ν D,a or n D,c ν D,c have to be expanded to products including several defects, e.g. i n D,a,i ν D,a,i or i n D,c,i ν D,c,i . Equation 16 shows that for relevant defects following exponential relations with respect to μ O 2 , defect controlled reactions can also exhibit Butler-Volmer like exponential current-voltage characteristics. However, the reason for this curve shape is different than for Butler-Volmer reaction kinetics in aqueous systems. There, the two exponential terms originate from rate limiting charge transfer affected by a voltage induced change of the interfacial Galvani potential and thus of activation energies or shifts of electronic energy levels in solution. 52 In our MIEC case, on the other hand, the exponential curve shape is a consequence of changes in defect concentrations by the applied voltage, i.e. of Nernst's equation. The Tafel slopes of the exponential curves thus no longer include a symmetry factor of a charge transfer process. Rather, the slope is given by a product of the μ O 2 dependence of the relevant defects (n D,a and n D,c ), the defect reaction orders of the specific reaction mechanism (ν D,a and ν D,c ) and the factor of 4e from the relation between μ O 2 and η in Nernst's Equation 12 .
For the sake of comparison, we may write Equation 16 formally equivalent to a Butler-Volmer equation, i.e. as
and for α = 1 2 we thus get m a = 8n D,a ν D,a [18] 
Hence, the factor m a,c , which may indicate the number of electrons transferred 52 in standard liquid electrochemical cases, has a very different meaning here. As an example: for two oxygen vacancies being involved in the reaction rate in cathodic direction (ν D,c = 2) and a vacancy related slope of −0.5 in a Brouwer diagram we find a m c value of 8. If, on the other hand, the relevant defect concentrations are independent of the oxygen chemical potential (ν D = 0), the corresponding current density becomes η-independent, thus pretending a kind of diffusion limitation in a standard interpretations. In the following we will exemplify these relations between defect concentrations and current-voltage characteristics for different mechanisms on the perovskite material La 0.6 Sr 0.4 FeO 3−δ (LSF).
LSF Defect Model
In order to specify defect controlled current-voltage characteristics of a mixed conducting material, knowledge on its defect chemistry is required. For LSF as a model material the defect chemical model is well established and includes oxygen vacancies (V ·· O ), electron holes (h · ) and electrons (e ) as the main point defects. Electrons and holes are frequently attributed to the Fe cations and thus holes correspond to Fe 4+ (Fe · Fe ) while electrons are realized by Fe 2+ (Fe Fe ). Some recent studies suggest that holes are more distributed across the oxygen ions surrounding the corresponding Fe ion. [53] [54] [55] In this paper we use the general notation (h · and e ). Thus the following two defect chemical equilibria exist
with mass action constants
where c V , c h , c e , c Fe , c Ox are the concentrations of oxygen vacancies, holes, electrons, Fe 3+ (Fe × Fe ) and oxide ions, respectively. When dealing with dilute defects, the concentration of regular units is much larger than the defect concentrations and does not change notably with p O 2 or overpotential, it can be included in the respective equilibrium constants. In heavily doped mixed conductors such as LSF though, the concentration of ideal lattice species can easily be in the same range as defect concentrations. Therefore Fe × Fe and O × O are also included in the defect chemical equations and take into account the fact of site restriction. Activity coefficients due to defect interaction, however, are not included. [56] [57] [58] [59] Enthalpies and entropies for the oxygen exchange reaction and electron/hole pair formation in macroscopic LSF bulk samples were determined by thermogravimetry and coulometric titration. 57, 58 Table I shows enthalpies and entropies for bulk LSF. Our own measurements of the chemical capacitance of thin LSF films (30 to 120 nm) are in good agreement for the oxygen exchange, but indicate higher electronic charge carrier concentrations in thin films. 49 For the following calculations we use the established bulk thermodynamic data set.
The Brouwer diagram for these bulk data 57 is displayed in Figure 1 for 600 • C. The ideal lattice sites (O × O and Fe × Fe ) are included to show that, especially for iron (Fe × Fe ) and electron holes (h · ) in the oxidizing regime, the concentrations can become comparable. For example, in high oxygen partial pressure the concentration of electron holes is 0.4 per unit cell, and thus the concentration of ideal lattice iron is 0.6 per unit cell. However, the voltage driven relative concentration changes of those ideal lattice species are small compared to those of the minority point defects, and thus their impact on the current-voltage characteristics is rather small. Please note that these data reflect the defect chemistry of the LSF bulk. The surface defect chemistry relevant for the oxygen exchange reactions is not necessarily the same as the defect chemistry in the LSF bulk. However, we may assume that the surface defect chemistry is still governed by the same defect chemical equilibria, though with different equilibrium constants. Accordingly, the surface Brouwer diagram differs from the bulk diagram primarily by a shift on the p O 2 axis and a change in the electronic charge carrier concentrations. Hence, even though the following calculations are based on bulk defect chemistry they are also valid for the (unknown) surface defect chemistry, though the p O 2 validity ranges are most probably shifted. In the next sections we combine the kinetic model of above and the defect model of LSF and derive current-voltage curves for different specific reaction mechanisms, atomic and molecular ones, i.e. with an atomic or a molecular oxygen species in the rate determining step. Please note: The two reaction mechanisms discussed below were chosen to illustrate our "defect controlled" reaction kinetics model and its predictions, rather than with regards to their likeliness. They are representative also for more complex (and thus more realistic) mechanisms.
Current-Voltage Curves for an Atomic Mechanism
General equations and exchange current density.-First we want to examine a simple atomic mechanism, i.e. one where the oxygen species in the rate determining step is atomic. This mechanism further illustrates the approach described above and also allows simple interpretation of the resulting dependencies. We assume fast adsorption and dissociation of oxygen 24, followed by the rate determining incorporation of the adsorbed O ad-atom 25, and a fast reduction to form oxide ions 26.
Thus,
where c Opp is the concentration of lattice oxygen with two positive relative charges (O ·· O ) and θ 0 at is the surface coverage with neutral atomic oxygen (O (ad) ). The constant factors k a and k c are proportional to the rate constants of the anodic and cathodic reactions. The fast steps 26 and 24 are always in equilibrium and thus can be described by the mass action laws
[30]
Combing 27 and 28 with 29 and 30 gives
where j 0 a = k a /K ion and j 0 c = k c K ads . Thus, Equation 9 becomes:
This is a first case where at least in anodic direction several defects are relevant and thus a product of defect terms has to be used in Equation 9 . However, the following calculations illustrate that only the c h factor plays a decisive role for anodic currents. The exchange current density in Equation 33 is Symbols c eq h , c eq V , c eq Fe and c eq Ox denote the equilibrium concentrations (i.e. without current flow) of electron holes, oxygen vacancies, lattice iron and lattice oxide, respectively. The exchange current density j 0 and the equilibrium defect concentrations are determined by the oxygen partial pressure via the defect chemical equilibria of LSF, i.e. by its Brouwer diagram, see Figure 1 .
Knowing the relation between defect concentrations and oxygen partial pressure, we can calculate the p O 2 dependence of the exchange current density (Figure 2 ). The exchange current density is constant at high oxygen partial pressure. Only at lower oxygen partial pressure it scales with √ p O 2 as one might expect for an atomic mechanism. This is due to the fact that the p O 2 dependence of the exchange current density does not only depend on the nature of the oxygen species in the rate determining step, but includes also the reaction orders of the relevant defects (Equation 34) and thus the partial pressure dependence of these defects. In this particular case, the slope of 0 in the high p O 2 regime of Figure 2 is a combination of the slope of 0.5 (due to the atomic nature of the mechanism) and a slope of −0.5 due to the oxygen vacancies decreasing with √ p O 2 in this regime.
An overpotential drives the defect concentration out of equilibrium by changing the oxygen chemical potential, see Equation 12 . The current-voltage curves can be calculated from Equations 33, 12 and the Brouwer diagram ( Figure 1 ) and depend on the oxygen partial pressure in the gas phase. Examples are shown in Figure 3 for a broad p O 2 range. These current-voltage characteristics show a variety of Tafel-like exponential regions and current limited regions, both with various p O 2 dependencies. In the following, we discuss how these current-voltage characteristics for the anodic oxygen evolution and the cathodic oxygen incorporation are a direct consequence of the defect chemistry of LSF. Please note that related mechanisms, e.g. including formation of one electron hole into the rds (Equation 25 ), would lead to almost identical curves.
Anodic branch.-In high oxygen partial pressures (Figures 3a and  3b ), the anodic current first increases steeply with overpotential but reaches a plateau already at very low overpotentials. This is because for high μ O 2 the concentration of electron holes is essentially constant, and thus the overpotential does not drive the hole concentration away from its equilibrium value noticeably. Therefore, the only effect of the overpotential in Equation 33 is to suppress the cathodic current and this is the origin of the first steep increase in current. In the plateau regime, the anodic current-density is then just the exchange current density.
At lower oxygen partial pressures (Figures 3c and 3d ), higher overpotentials are required to reach this current limit, since the lower μ O 2 of the atmosphere has to be compensated by a larger overpotential to drive the electrode to a μ O 2 range of constant hole concentration. For low p O 2 and only moderate overpotentials the current-voltage curves thus become exponential, which reflects the exponential relation between electron holes and oxygen chemical potential in this regime. The Tafel slope of those current-voltage curves is 2e kT and this value consists of three factors:
The first factor d ln ja d ln c h is the reaction order with respect to electron holes, i.e. 2 for this specific mechanism (cf. In this exponential regime, the oxygen evolution current scales with oxygen partial pressure. This surprising accelerating effect of gaseous oxygen on the evolution rate (O 2 is a reaction product) is only indirect and caused by the LSF defect chemistry. More specific, the (equilibrium) hole concentration increases with p O 2 0.25 , and due to j 0 being proportional to (c eq h ) 2 (Equation 34) the current density for a given overpotential increases with p O 2 0.5 . In the high overpotential range where the hole concentration is constant at 0.4, however, the effect of p O 2 vanishes. Cathodic branch.-In very high oxygen partial pressures and under moderate cathodic polarization (see Figures 3a and 3b ) the current is independent of p O 2 and increases exponentially with overpotential; the Tafel-slope in this regime is − 2e kT . At more cathodic overpotentials the current reaches a plateau and in this plateau regime the current becomes p O 2 dependent and scales with √ p O 2 . The overpotential where this transition from exponential to flat current-voltage curves occurs also depends on the oxygen partial pressure. Again, this behavior is a direct consequence of the LSF defect chemistry and the relation between defect concentrations and oxygen chemical potential. At high p O 2 the oxygen vacancy concentration increases with decreasing μ O 2 , i.e. the cathodic overpotential increases the current by driving the oxygen vacancy concentration away from its equilibrium value. The slope of − 2e kT again consists of three factors, one from the specific mechanism, one from the Brouwer diagram and one from Nernst's equation:
In this exponential regime the current is p O 2 independent because the accelerating effect of p O 2 via adsorbates is counter-balanced by the oxygen vacancy concentration decreasing with
At very cathodic overpotentials, the oxygen vacancy concentration becomes μ O 2 independent. Thus the cathodic overpotential causes no further increase in oxygen vacancy concentration and the current becomes constant. However, in this regime the accelerating effect of p O 2 via adsorbates is no longer counter-balanced by defect changes and therefore the current for a given overpotential scales with √ p O 2 . In higher oxygen partial pressures (higher μ O 2 ) higher cathodic overpotentials are required to drive the oxygen chemical potential into the regime with constant vacancy concentration, and thus the limiting current regime shifts to more cathodic overpotentials in higher p O 2 .
In lower oxygen partial pressures (see Figures 3c and 3d ) the slope −2e
kT regime vanishes and the cathodic current reaches a current limited regime already at very low overpotentials. This is due to the oxygen vacancy concentration being constant and equal to its equilibrium value even at very low overpotential. Since there is no effect of p O 2 on the oxygen vacancy concentration the current scales with √ p O 2 in this regime. Thus, in both anodic and cathodic direction we find current limited regimes. However, these current limitations are not caused by mass transport limitation, but instead are the result of the relevant defect concentrations being μ O 2 independent in those regimes.
Adsorption site restriction.-So far the cathodic current scaled with
√ p O 2 even at very high partial pressures, since we assumed that adsorbates are sufficiently dilute, i.e. site restriction was neglected. To account for limited adsorption sites, we can extend the given model by modifying the first reaction step to include adsorption sites (ad a t) for atomic oxygen (Langmuir-type dissociative adsorption). Equations 24 to 26 then transform to
The equilibrium constant of the preceding adsorption equilibrium then becomes
From this we get
1 − θ 0 at =
[42] 
[43] with j 0 a = k a /K ion and j 0 c = k c K ads . Figure 4 shows the exchange current as a function of p O 2 for K ads of 10 bar −0.5 , i.e. a situation where a p O 2 of 10 mbar leads to a surface coverage with atomic oxygen adsorbates of 50%. In the low p O 2 regime the exchange current still increases with the square root of partial pressure; at higher p O 2 however, the exchange current decreases with √ p O 2 due to the increasing occupation of adsorption sites. This decrease at higher p O 2 is also reflected in the current-voltage curves shown in Figure 5 (calculated from Equations 33 and 43 and the Brouwer diagram in Figure 1 at 600 • C). At moderately high oxygen partial pressure ( Figure 5b ) the cathodic current still increases with p O 2 ; at around 1 bar the cathodic current reaches a maximum and then decreases with increasing p O 2 , see Figure 5a , in contrast to the situation without adsorption site restriction in Figure 3a . This surprising decrease of the cathodic current density with increasing p O 2 is due to the saturation of adsorption sites and the oxygen vacancy decrease for increasing p O 2 . Only the limiting current for very cathodic overpotentials remains p O 2 independent due to the saturation of c V .
Also for anodic currents the adsorption limitation affects the current-voltage characteristics. Without site restriction, a p O 2 independent limiting current was found for high oxygen partial pressure (Figures 3a and 3b ) due to the p O 2 independence of the hole concentration. With site restriction, however, free adsorption sites have to be available to form O (ad) . Those sites are strongly reduced by high p O 2 and thus the limiting current (which is the exchange current) decreases with increasing p O 2 . The shape of the individual (cathodic and anodic) current-voltage curves, however, remains the same as discussed above, since the adsorption limitation only affects the exchange current density but not the overpotential dependent c D /c eq D defect concentration ratios in Equation 33.
Current-Voltage Curves for a Molecular Mechanism
General equations and exchange current density.-As the second mechanism we consider a molecular mechanism: A fast adsorp- tion and partial reduction of molecular oxygen 44 is followed by rate determining dissociation with partial incorporation of the adsorbate into an oxygen vacancy 45, and a fast incorporation of the remaining atomic oxygen dissociates with complete reduction of all incorporated O species 46.
The anodic and cathodic current densities are given by [48] where θ 0 at and θ − mo are the surface coverages with neutral atomic oxygen (O (ad) ) and negatively charged molecular oxygen (O 2 − (ad) ), respectively. Symbol c Op denotes the concentration of oxygen with one positive relative charge (O · O ). Steps 46 and 44 are assumed sufficiently fast and thus always in equilibrium with the mass action laws
Combining Equations 47 and 48 with Equations 49 and 50 gives
with j 0 a = k a /K ion and j 0 c = k c K ads . Equation 9 thus becomes
with the partial pressure dependent exchange current density
In Figure 6 the exchange current density, i.e. the reaction rate of the anodic and cathodic reactions without bias, is plotted versus p O 2 in arbitrary units. At low oxygen partial pressure the exchange current scales with p O 2 0.75 . Intuitively one might assume a slope of 1 versus p O 2 for a molecular mechanism. However, the exchange current density depends not only on the nature of the oxygen species in the rate determining step (atomic or molecular) but also on the defect concentrations. The reason for the slope of 0.75 is that the oxygen partial pressure also acts upon the concentration of electron holes (slope of 0.25 vs. p O 2 ). Since holes enter the cathodic reaction rate with a Figure 6 . Oxygen exchange current density for the molecular mechanism as a function of oxygen partial pressure, calculated by Equation 54.
) unless CC License in place (see abstract). ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 128.131.138. 59 Downloaded on 2019-09-17 to IP negative exponent, it partly counteracts the direct p O 2 effect via adsorbates, resulting in a p O 2 dependency of 0.75. Alternatively, one may consider the anodic direction in Equation 54 , where the oxygen partial pressure only affects the exchange current density indirectly by changing the electron hole concentration (slope 0.25). This also results in a slope of 0.75 since three holes are involved in the anodic reaction rate. Oxygen vacancies are irrelevant as their concentration is constant in the low p O 2 regime.
At high oxygen partial pressure the exchange current scales only with √ p O 2 , and this might be interpreted in terms of an atomic mechanism. However, this is again due to p O 2 induced changes in defect concentrations. In the cathodic direction the reaction order of one with respect to p O 2 (direct effect via adsorbates) is partly counter-balanced by the oxygen vacancy concentration decreasing with √ p O 2 and thus a reaction order of 0.5 results. Alternatively, we may again consider the anodic direction, where the indirect effect (oxygen vacancy concentration decreasing with increasing p O 2 ) also leads to a slope of 0.5 since the anodic exchange current density is proportional to c eq V −1 .
The reaction orders with respect to electron holes play no role here, as the electron hole concentration is constant in high oxygen partial pressures. This example shows that the common connection of molecular mechanisms with a linear scaling of the exchange current density with p O 2 (slope of 1) is not mandatory. Rather, the p O 2 dependence of j 0 is a complex interplay between the nature of the oxygen adsorbate in the rate determining step, the involved defects and their p O 2 dependence. In this example, the oxygen exchange current density at high p O 2 scales with p O 2 0.5 , which is often interpreted as a sign of an atomic reaction mechanism.
From Equations 53 and 54 we can calculate the partial pressure dependent current-voltage characteristics, which are shown in Figure 7 . Below we discuss how these curves can be interpreted as a result of the LSF defect chemistry. Figures 7a and 7b ) the current-voltage curves are exponential and thus show straight lines in the Tafel plot. Since the overpotential acts by driving defect concentrations away from their equilibrium values, the reason for the shape of these curves is a consequence of the Brouwer diagram. Oxygen vacancies and electron holes both affect the anodic reaction rate (and thus current density) by the preceding equilibrium in Reaction 44. However, the electron hole concentration is virtually constant at these high oxygen chemical potentials. Thus, the effect of anodic overpotential is to decrease the concentration of oxygen vacancies, which causes an increase of the net current density, as the anodic reaction order with respect to vacancies is -1. The slope of ln j a vs. η is 2e kT and this value consist of three factors:
Anodic polarization.-In high oxygen partial pressures (see
[55]
The first factor d ln ja d ln c V is the reaction order with respect to oxygen vacancies, i.e. -1 for this specific mechanism, the second one d ln c V dμ O 2 is a consequence of the Brouwer diagram and the third one comes from Nernst's Equation 12. The current also scales with p O 2 0.5 which reflects the slope of the exchange current (see Figure 6 ); the reason for this accelerating effect of p O 2 is only an indirect one due to the oxygen vacancy concentration scaling with p O 2 −0.5 . In lower oxygen partial pressures (see Figures 7c and 7d ) the current-voltage curves are also exponential, but the slope varies from 3e kT at lower overpotentials to 2e kT at higher overpotentials; the overpotential of this transition depends on p O 2 . Again, the slopes can be understood as a consequence of the LSF Brouwer diagram. Oxygen vacancies and electrons enter the anodic rate equation, but in the low μ O 2 regime (i.e. for low overpotential and low p O 2 ) the concentration of vacancies is constant and the overpotential acts by increasing the electron hole concentration. The slope of ln j a vs. η ( 3e kT ) is again the sum of three terms:
At higher overpotentials (and thus high μ O 2 ) the electron hole concentration reaches a plateau and the oxygen vacancy concentration starts to decrease, resulting in a slope of 2e kT as described above. This also explains why the overpotential of the transition from 3e kT to 2e kT depends on p O 2 , since at low oxygen partial pressures higher overpotentials are required to reach the oxygen chemical potential where the minority charge carrier changes from electron holes to oxygen vacancies. At low overpotential the current scales with p O 2 0.75 which is due to the hole concentration increasing with p O 2 0.25 in accordance with the slope of the exchange current density. At higher overpotentials the current scales only with p O 2 0.5 , since there the vacancies are the μ O 2 dependent defects. (Figures 7a and 7b) , the oxygen incorporation rate increases exponentially with overpotential with an exponent of − 2e kT and the p O 2 dependence of j c in this regime is j c ∝ p O 2 0.5 . At higher overpotentials the curves bend toward a slope of − e kT , the overpotentials where this transition occurs depends again on p O 2 . Furthermore, j c scales with p O 2 0.75 . This behavior can again be explained as a direct consequence of the LSF defect chemistry. Both oxygen vacancies and electron holes enter the cathodic current density in Equation 53 . At low polarization (and thus in the high μ O 2 regime) the electron hole concentration is essentially constant, but the oxygen vacancy concentration changes with μ O 2 . An applied overpotential thus acts by increasing the oxygen vacancy concentration and the resulting slope of − 2e kT consists of three factors:
Cathodic polarization.-Under mildly cathodic polarization and in very high oxygen partial pressures
[57]
The current scales with p O 2 0.5 in this regime, since the reaction order due to molecular gas adsorbates (ν p,c = 1) is partly compensated by the oxygen vacancy concentration which decreases with p O 2 0.5 . At sufficiently large cathodic overpotentials the oxygen vacancy concentration reaches a plateau and the electron holes start to decrease with increasingly cathodic overpotential. The overpotential thus acts now by decreasing the electron hole concentration resulting is a slope of e kT according to
[58]
The overpotential at which this transition from − 2e kT to − e kT occurs depends on p O 2 since high oxygen partial pressures require more cathodic overpotentials to reach the μ O 2 regime where electron holes begin to change with μ O 2 . The partial pressure dependence of the current-density in the − e kT regime is p O 2 0.75 , since here the reaction order due to molecular gas adsorbates (ν p,c ) of 1 gets reduced by 0.25 due to the electron hole concentration increasing with p O 2 0.25 . In lower oxygen partial pressures (Figures 7c and 7d ) the slope is constant at − e kT since even at very low cathodic polarization the oxygen chemical potential is already in the regime where the oxygen vacancy concentration is constant. Consequently, the only effect of the overpotential on the current occurs via decreasing the electron hole concentration.
In contrast to the atomic mechanism ( Figure 3 ) neither anodic nor cathodic limiting currents are found for the molecular mechanisms considered here (Figure 7) . This is due to the fact that anodic as well as cathodic currents depend on both, oxygen vacancies and holes, see Equation 33 . In accordance with the Brouwer diagram either c V or c h has to depend on μ O 2 and thus exponential current-voltage curves are found in all cases.
Adsorption site limitation.-In the previous section (atomic mechanism) we discussed the effect of adsorption site limitation for the case Figure 7 . Current voltage characteristics for the molecular mechanism, calculated by Equation 53, for different oxygen partial pressures. Defect concentrations are based on the Brouwer diagram in Figure 1. of neutral adsorption, i.e. without charge transfer prior to the rate determining step. There, we found that the adsorption site only causes a decreasing exchange current-density above a certain p O 2 threshold, while leaving the individual current-voltage relations unchanged. Below, we discuss the effects of site restriction on the current-voltage and current-partial pressure relations for our molecular mechanism, i.e. for the case where there is an electron transfer prior to the rate limiting step.
We again assume a Langmuir-type adsorption, i.e. we neglect any variation of the adsorption enthalpy with coverage and specifically neglect any surface potential changes. For the sake of simplicity, we neglect site limitation for the intermediate atomic adsorbates (O (ad) ), and further assume different adsorption sites for molecular and atomic adsorbates. Equations 44 to 46 then transform to
[62]
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[64] with j 0 a = k a /K ion and j 0 c = k c K ads . We assume an equilibrium constant for the adsorption (K ads ) of 59.4 bar −1 such that the surface coverage (θ − mo ) is 50 % at an oxygen partial pressure of 10 mbar; similar to the atomic mechanism discussed in Adsorption site restriction section. The additional factor of 0.594 compared to Adsorption site restriction section is due to the involvement of electron holes in the adsorption equilibrium. Figure 8 shows the exchange current density as a function of p O 2 . In the low p O 2 regime (p O 2 << 1/K ads ) the site restriction is irrelevant and the exchange current still increases with p O 2 0.75 as described above. At higher p O 2 however, the exchange current decreases with p O 2 −0.5 due to the increasing occupation of adsorption sites. In principle, electron holes are involved in the adsorption equilibrium, and thus their (p O 2 dependent) concentration also affects the adsorbate concentration. However, for this specific value of K ads the hole concentration is almost constant in the regime where the site restriction becomes relevant. Thus, in the high p O 2 regime the oxygen partial pressure acts only by decreasing oxygen vacancy concentration and thus the exchange current-density decreases with p O 2 0.5 . Equivalently, we may consider the anodic j 0 in Equation 43 and see that higher p O 2 decreases the number of free adsorption sites needed to form O 2 − (ad) .
For the current under polarization, Equation 53 has to be replaced by
[66] Figure 9 shows the corresponding current-voltage curves for a wide p O 2 range. At low oxygen partial pressures (Figures 9c and 9d ) the current-voltage curves are very similar to the ones without adsorption site restriction discussed above (Figures 7c and 7d) in both anodic and cathodic direction. However, at higher oxygen partial pressures (Figures 9a and 9b) the situation is very different since the adsorption site restriction becomes relevant and depends on the overpotential.
In the anodic direction, the current reaches a maximum at an oxygen partial pressure of 100 mbar and scales with p O 2 −0.5 at higher oxygen partial pressures, which reflects the p O 2 dependence of the exchange current density. The involvement of electron holes in the adsorption equilibrium plays no role here, since at high p O 2 , where site restriction is relevant, the electron hole concentration does not change with p O 2 or anodic overpotential. Therefore, the accelerating effect of
−0.5 ) gets overcompensated by a decelerating effect due to the number of free adsorption sites decreasing linearly with increasing p O 2 . The shape of the individual current-voltage curves is unaffected by the adsorption site restriction.
In the cathodic direction, the relation between current density, overpotential and partial pressure is more complex. This is because electron holes are involved in the adsorption equilibrium (Equation 59) and the surface coverage is thus tied to the defect chemistry. Accordingly, site occupancy is affected by the overpotential. More specific, high cathodic overpotentials lower the hole concentration and thus increase the coverage with O 2 − (ad) , possibly approaching full occupancy. At moderate oxygen partial pressures (10 −5 to 10 −4 bar) the current first increases exponentially with cathodic overpotential; the corresponding Tafel slope is − e kT . As described above, this slope originates from the decreasing electron hole concentration. Since the surface coverage has not reached saturation, the current also increases with p O 2 . At more cathodic overpotentials, however, the surface coverage reaches saturation due to the low electron hole concentration. The overpotential thus neither affects the oxygen vacancy concentration nor the surface coverage and thus the current becomes constant, cf. Equation 48. Furthermore, since the surface is saturated with adsorbates the current also becomes p O 2 independent.
At even higher oxygen partial pressures, the current first increases with a Tafel slope of − 2e kT before reaching a current limited regime. Here, the surface is saturated with adsorbates already at zero overpotential and thus an applied overpotential only acts by increasing the oxygen vacancy concentration, which leads to the Tafel slope of − 2e kT . At higher cathodic overpotentials, the oxygen vacancy concentration reaches a plateau and the current becomes constant.
This example mechanism shows that, even without considering any surface potential changes, the adsorbate concentration is tied to the overpotential due to the involvement of defects in the adsorption equilibrium. In the simple case without adsorption site restriction this causes exponential current-voltage curves with a Tafel slope of − e kT in the low μ O 2 regime. If the finite number of adsorption sites is considered, this dependency of the surface coverage on the overpotential (via defect concentrations) leads to a situation, where the surface becomes saturated with adsorbates even at moderately low p O 2 if the overpotential is sufficiently cathodic. Moreover, this saturation can cause limiting currents also for the mechanism under investigation, in contrast to the case without saturation (Figure 7) . Figure 9 . Current voltage characteristics for the molecular mechanism with adsorption site restriction for different oxygen partial pressures. Defect concentrations are based on the Brouwer diagram in Figure 1 .
Generalized Tafel-Slope and Partial Pressure Dependence
In the discussion of the atomic and molecular mechanism in the previous sections we derived the dependencies of the current densities on oxygen partial pressure and the overpotential as a consequence of defect concentrations, based on the known LSF Brouwer diagram. In the following, we derive generalized expressions for the slopes of the anodic and cathodic current densities with respect to p O 2 and overpotential, i.e. for the exponents of the p O 2 power laws and the Tafel slopes.
The anodic and cathodic current densities in equilibrium (Equations 4 and 5) have to be in accordance with the mass action laws of the defect chemical reactions, i.e. the oxygen exchange (Equation 22) and the iron disproportionation (Equation 23 ). For the sake of simplicity we neglect O × O and Fe × Fe as defect species with changing concentrations and thus only oxygen vacancies V ·· O , electrons e and electron holes h · are left from the defect model of LSF (or other acceptor doped mixed conductors). For those we can specify rate Equations 2 and 3, still assuming χ = 0: 
and therefore c e = K i /c h . Hence, 
[72]
Actually, in the mass action law n can still be chosen arbitrarily, and in Equation 22 n = 0.5 was used (with still variable concentrations c Ox and c Fe ). However, n becomes well defined by the equivalence of Equations 71 and 72, which requires
ν p,a − ν p,c = −n.
[75]
For simple mechanisms, we have ν p,a = 0 and then n is simply the cathodic reaction order with respect to the oxygen partial pressure ν p,c , i.e. 0.5 for atomic or 1 for molecular mechanisms. Furthermore, from Equations 72 and 70 we get
[77]
Equations 76 and 77 imply
[79]
Partial pressure dependence.-From Equations 67 and 68 we can deduce slopes according to 
[83]
Symbols q a and q c denote the empirical power law exponents with respect to p O 2 . Including the relations 73, 74 and 75 into these considerations shows that q a = q c . Thus, for a given overpotential the partial pressure dependence is the same for the anodic and cathodic reaction, it is only a function of the oxygen partial pressure itself. Consequently, Figure 10 . Partial pressure dependency of the current-density for the atomic mechanism (a) and the molecular mechanism (b) as a function of partial pressure and overpotential.
this is also the partial pressure dependence of the net current density at this overpotential and the p O 2 dependence of the exchange current density for equilibrium. (Please note: Despite their identical p O 2 dependences for a given overpotential, j a and j c usually differ strongly in their absolute value, unless close to equilibrium. Hence, mostly only one of the two determines the net current density.) In Figures 10a and  10b the exponents of the p O 2 dependence of anodic and cathodic currents are shown as a function of p O 2 and η for the atomic and molecular mechanism without site restriction. Actually, the slope dln j dln p O 2 only depends on μ O 2 , which is also visible when comparing these p O 2 dependencies with the defect concentrations displayed in Figure 11 . Two defect regimes can be distinguished: At low p O 2 and negative overpotential (resulting in low μ O 2 ) electron holes are the minority charge carrier and thus the p O 2 dependencies are determined by the electron hole reaction orders of the specific mechanisms. At high p O 2 and positive overpotentials (high μ O 2 ) oxygen vacancies are the minority and consequently the p O 2 dependence of the current density depends on the reaction orders of oxygen vacancies. The equivalence of the p O 2 dependence of cathodic and anodic currents also means that any measured difference in the p O 2 dependence for anodic and cathodic voltages is simply caused by different regimes in the Brouwer diagram (i.e. different p O 2 ). In other words, p O 2 dependencies of j change, when the current-voltage curves cross the color front line in Figure 11 . and
[85]
By combining Equations 84 and 85 with Equations 78 and 79 we get
[87]
From Equations 87, 74, 73 and 75 we thus obtain
Accordingly, for a given overpotential the Tafel-slopes of the anodic and cathodic currents differ by 4en
kT . This simply reflects the fact that for a changing overpotential the anodic and cathodic currents change in a different manner. Therefore, one of them always dominates sufficiently far from equilibrium. In each direction, however, the slope is still only a function of μ O 2 , irrespective of the parameter changing μ O 2 (p O 2 or η). An equivalent expression for the cathodic oxygen reduction current on Pr-doped ceria was derived by Chueh et al. in Ref. 46 . The generalized expressions 86 and 88 also show that the splitting of Tafel slopes in three factors performed in the specific discussion (e.g. Equation 55 ) is already a simplification. Those factors are still present in the generalized expressions but are complemented by additional terms. Figures 12a and 12b display the Tafel slopes of the two mechanisms discussed in this work sections as a function of partial pressure and overpotential. Comparing these to the LSF defect concentrations shown in Figure 11 reveals two facts: First, two regimes can be distinguished, and these follow the minority charge carrier regimes in Figure 11 . At low p O 2 and negative overpotential (low μ O 2 ) the Tafel slopes are determined by the reaction order of electron holes. At high μ O 2 , oxygen vacancies are in minority and the Tafel slopes depend on the reaction order of oxygen vacancies. Second, the Tafel slopes of the anodic and cathodic currents differ by 2e kT and 4e kT respectively, over the entire p O 2 and η range, as long as we stay in one defect regime. This also implies that knowledge of the nature of the oxygen species in the rate determining step (atomic or molecular) can be obtained from the anodic and cathodic Tafel slopes, provided both are still in the same minority charge carrier regime. A difference of 4e kT , for example, results from an anodic slope of 3e kT and a cathodic slope of − 1e kT and indicates a molecular species in the rate determining step. Hence, such a slope analysis of the current-voltage curves can be a simple but powerful approach for obtaining mechanistic information already without further detailed analysis of reaction models. However, one has to keep in mind that it works only if the defect regime does not change and thus, for example, not in Figure 7b .
Oxygen exchange reaction resistance.-Lastly, we briefly discuss the oxygen exchange resistance predicted by this model. The area specific reaction resistance is given by the inverse derivative of the current density with respect to the overpotential:
[89]
For the sake of simplicity, we limit ourselves to the simple case of equilibrium conditions, i.e. at η = 0. Then, Equation 89 leads to R eq = kT 4en j 0 .
[90]
The detailed derivation of this expression is given in appendix A. , however, also shows that that the oxygen exchange current density cannot simply be deduced from the oxygen exchange resistance measured by impedance spectroscopy R eq . Rather, knowledge of n and thus of the mechanism (atomic or molecular oxygen species in the rate limiting step) is required. Conversely, accurate extrapolation of j 0 from Tafel plots and comparison with measured R eq from impedance spectra can allow mechanistic conclusions by determining n. Moreover, relation 90 questions the simple approach often used for comparing resistances of impedance spectra with tracer exchange data obtained on the same material. 36 There, the oxygen exchange coefficient k * is a measure of the oxygen exchange current density j 0 with
and c O denoting the oxygen site concentration. A correct calculation of the corresponding exchange resistance R * (for the sake of comparison with the electrically measured R eq ) should thus use the equation
[92]
The factor of 2n (1 or 2) is usually neglected so far, which is problematic for molecular oxygen in the rate determining step.
Conclusions
The kinetics of the oxygen exchange reactions are quantified by rate equations including the relevant acting species, i.e. adsorbates (or the gas phase determining the adsorbates) and defects involved in oxygen reduction or oxygen evolution. Any change of surface potential is neglected, hence reaction rates are purely defect controlled. The defect concentrations are defined by μ O 2 , which itself depends on p O 2 and overpotential, provided that the oxygen surface exchange reaction limits the overall reaction rate. The forward and backward rates, i.e. anodic and cathodic currents thus depend on the overpotential which varies defect concentrations. The dependence of the defect concentrations on overpotential (and p O 2 ) is given by the Brouwer diagram. Specific p O 2 and η dependencies of the anodic, cathodic and net current densities can be calculated for a given rate equation with reaction orders for defects and p O 2 (via adsorbates) and a given Brouwer diagram. This is exemplified for LSF and two reaction mechanisms, one with atomic oxygen in the rate determining step and one with molecular oxygen species. Also, adsorption site restriction is considered in separate calculations.
These calculations revealed that frequently exponential j-η curves result, with Tafel slopes given by three factors, one for the reaction order(s) of the defects in the rate equation, one from the slope of defect concentrations in the Brouwer diagram, and one from the Nernst relation between η and μ O 2 . Hence, the slope does not reveal the number of electrons in the rate determining step. If the relevant defect concentrations are constant within the considered range of the Brouwer diagram, a Tafel slope of 0 and thus limiting currents result, despite absence of transport limitation. Since the gas p O 2 not only modifies adsorbate concentrations but also defect concentrations, the exponents q of empirical power laws j ∝ p O 2 q have often non-trivial meanings. They depend on the species in the rate limiting step (atomic or molecular oxygen) but also on the reaction orders of defects and on their p O 2 slope in the Brouwer diagram. For example, in the molecular mechanism considered, the oxygen exchange current density scales with p O 2 0.75 to p O 2 0.5 , depending on p O 2 . For the atomic mechanism p O 2 0.5
to p O 2 0.0 was found. General equations for the partial pressure and overpotential dependencies are derived for anodic and cathodic currents. Those show that for a given overpotential both anodic and cathodic currents show ) unless CC License in place (see abstract). ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 128.131.138. 59 Downloaded on 2019-09-17 to IP the same p O 2 dependency. The Tafel slopes, on the other hand, differ by 4ne/kT and measured slope differences can thus give valuable information on the mechanism (n = 1 or n = 1/2 indicating molecular or atomic oxygen in the rate determining step). Finally, a relation is deduced between the slope of a current-voltage curve close to equilibrium, e.g. measured by impedance spectroscopy, and the exchange current density. It is shown that knowledge of both values can also give mechanistic information on molecular or atomic oxygen species. Moreover, an inconsistency in the standard procedure of comparing tracer exchange coefficients and electrical surface exchange resistances was identified. ν e,c 1 c eq e dc e dη .
[A2]
Since for any defect D [A4]
Combining Equations A4, 78 and 79 gives [A5]
Including the relations between anodic and cathodic reaction orders (Equations 73 and 74) yields 2kT .
[A6]
At zero overpotential the defect concentrations are equal to their equilibrium values and thus 
